Abstract Reduction of hypochlorite is the most important side reaction in the sodium chlorate reactor leading to high energy losses. Today chromate is added to the reactor solution to minimize the hypochlorite reduction but a replacement is necessary due to health and environmental risks with chromate. In order to understand the effect of different substrates on the hypochlorite reduction, α-FeOOH, γ-FeOOH, Cr 2 O 3 and CrOH 3 were electrodeposited on titanium and subjected to electrochemical investigations. These substances are commonly found on cathodes in the chlorate process and can serve as model substances for the experimental investigation. The mechanism of hypochlorite reduction was also studied using DFT calculations in which the reaction at Fe(III) and Cr(III) surface sites were considered in order to single out the electrocatalytic properties. The experimental results clearly demonstrated that the chromium films completely block the reduction of hypochlorite, while for the iron oxyhydroxides the process can readily occur. Since the electrocatalytic properties per se were shown by the DFT calculations to be very similar for Fe(III) and Cr(III) sites in the oxide matrix, other explanations for the blocking ability of chromium films are addressed and discussed in the context of surface charging, reduction of anions and conduction in the deposited films. The main conclusion is that the combined effect of electronic properties and reduction of negatively charged ions can explain the reduction kinetics of hypochlorite and the effect of chromate in the chlorate process.
Introduction
Sodium chlorate is an important industrial chemical with roughly 3.6 × 10 6 metric ton of the product produced annually worldwide. Its main usage is for chlorine dioxide production used in elemental chlorine free (ECF) pulp bleaching but also for water purification purposes and as emergency oxygen supply in air crafts. Today sodium chlorate is produced by an electrosynthesis route where sodium chloride is oxidized to sodium chlorate in either continuous or batch wise plants. The process is highly energy consuming, around 4250-5500 kWh is used to produce 1 ton of the product [1] . The energy consumption is intrinsically related to the performance of the electrodes. Surface analysis has shown that common corrosion products formed in the process are α-and γ-FeOOH and that these corrosion products behave differently, with α-FeOOH showing better performance than γ-FeOOH (Hedenstedt et al., in review).
In order to minimize losses in the process sodium dichromate is added to the electrolyte. Its use is well known since the end of the 19th century and addition of sodium dichromate to the process increases the current efficiency significantly [2] [3] [4] . Work has been done to understand the role of dichromate in the process and it appears to be reduced forming a thin Cr (III) film on the cathode. This film hinders the reduction of hypochlorite and chlorate while the desired hydrogen evolution reaction (HER) readily takes place. The film consists of Cr(III) hydrous oxide or hydroxide, which is oxidized back to chromate when the current is switched off [5, 6] . Other benefits from chromate addition are pH buffering and corrosion inhibition on the steel cathodes used [4, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, sodium dichromate is listed in the Annex XIV under REACH [18] , which means that without authorization it is forbidden to use after the sunset date in late 2017. Efforts have been made to exchange chromium with molybdenum, yttrium and other rare earth metals but so far nothing has proven good or long-term stable enough to replace chromate [19] [20] [21] [22] [23] . Recently, it was shown that adding trivalent chromium to the electrolyte will be sufficient to in situ form the desired species [24] . However, to entirely remove chromium from the process and find a replacement product, it is crucial to fully understand the role of chromium.
The present paper focuses on the reduction of hypochlorite on separately deposited α-FeOOH, γ-FeOOH, chromium (III) oxide and hydroxide. These compounds are present on cathodes in the chlorate process and to obtain fundamental knowledge about the reduction of hypochlorite it is important to study these substrates individually. Additionally, DFT calculations were performed to obtain a molecular understanding of the reduction mechanism. The combined experimental and theoretical results are used to discuss the prevailing explanations for differences in hypochlorite reduction depending on substrate and the beneficial effect of chromate on the energy efficiency in the chlorate process.
Experimental and Calculations
Electrode Preparation 1 cm 2 discs were prepared from titanium grade 1. Before electrodeposition of α-FeOOH, γ-FeOOH, Cr 2 O 3 and Cr(OH) 3 , the discs were polished with 4000 grit SiC paper and etched 10 s in 5 wt% hydrofluoric acid. Deposition of α-FeOOH and γ-FeOOH was made potentiostatically onto the titanium disc substrates according to the method described by Martinez et al. [25] . For the deposition of Cr 2 O 3 and Cr(OH) 3 , the method described by Aguilar et al. [26] was followed. All chemicals were of analytical grade from Fluka and prepared with 18 MΩ Milli-Q water. The electrodes were characterized with X-ray diffraction (XRD) and scanning electron microscopy with energy dispersive X-rays (SEM/ EDX). Pure titanium grade 1 and mild steel (EN 10277-2-2008) from Permascand were used for comparison. The Xray diffractometer was a Siemens D5000 with BraggBrentano setup and CuKα = 1.5418 Å radiation. Scanning electron microscopy with energy dispersive X-rays was made with a Leo Ultra 55 FEG SEM complemented with an Oxford Inca EDX system.
Electrochemical Setup
Electrochemical kinetic experiments were made with a three electrode cell using a Gamry Reference 600 potentiostat. A circular platinum mesh electrode was used as counter electrode and a double junction Ag/AgCl with 3 M KCl was used as reference electrode, E 0 = 0.210 V vs. nhe. The electrolyte was 0.200 M Na 2 SO 4 with pH set to 11.0 with NaOH using a Metrohm 827 pH meter. Sodium hypochlorite from Fluka, reagent grade, was added when needed. The electrolyte was purged with nitrogen for at least 30 min before and kept under nitrogen flow during the experiments. The concentration of hypochlorite was determined by iodometric titration with sodium thiosulphate.
Computational Details
The DFT calculations were performed using CASTEP (version: 5.0) [27] as implemented in the Materials Studio suite [28] . A Γ-point k-point set in combination with a plane-wave cut-off energy of 400 eV and the PBE [29] Generalized Gradient Approximation (GGA) functional was used. The core electrons were modelled by an ultrasoft pseudopotential [30] . Following previous work a high spin electronic configuration in combination with a ferromagnetic coupling between the transition metal sites was assumed [31, 32] . The electrochemistry was modelled using a binuclear Cr or Fe site embedded into a MgO y (OH) z test rig. The energetics of all electrochemical steps were calculated using the tyrosine/tyrosyl radical (TyrOH/TyrO • ) redox couple as hydrogen sink. The electrochemical potential of this reference system has been experimentally determined to be 1.22 V vs nhe at pH 2 [33] . The test rig has been designed to reproduce central aspects of the active site (oxidation states and coordination sphere) at minimal costs. The validity of this simple yet efficient model system has been shown in a series of studies concerning electrochemical water splitting. It was found that the test rig system is able to reproduce trends with a semi-quantitative accuracy [31, [34] [35] [36] .
Results

Surface Characterization
α-FeOOH and γ-FeOOH
The deposition of γ-FeOOH was made at +1.00 V vs. Ag/ AgCl and a total of 4 coulombs was passed during the process. The SEM image shows a homogeneous surface with clear flake like γ-FeOOH crystals and only Fe, O and Ti were found in the EDX analysis, Fig. 1 . The X-ray diffractogram confirmed the presence of γ-FeOOH with preferred orientation of the (101) and (411) reflections, but also α-FeOOH could be detected, Fig. 1 . The XRD method for analysing crystalline phases is based on randomized ordering in the crystal structure to allow reflections from every possible lattice. However, for electrodeposited γ-FeOOH clear ordering of crystals on the surface is obtained and all lattices are therefore not visible in the diffractogram. Deposited material that was scraped off the electrode and analysed as a powder clearly show that the main product is indeed γ-FeOOH []. Figure 2 shows the corresponding results for α-FeOOH. The deposition was made at −0.150 V vs. Ag/AgCl and a total of 4 coulombs was passed during the process. The SEM image shows a completely different surface compared with the γ-phase. The surface is much coarser and has no well-defined crystals. Also in this case only Fe, O and Ti were found with EDX. The X-ray diffractogram confirmed the presence of the α-phase but also some γ-FeOOH could be detected.
The XRD analyses showed that the phases were not entirely pure but both α-and γ-phases coexisted. Since XRD is only a qualitative method, if an internal standard is not used, it is not possible to determine the composition. However, the SEM images can give additional information. Figure 1 shows well defined crystals of γ-FeOOH and very little of other material, while Fig. 2 shows very little of γ-FeOOH crystals. This, in combination with differences in the cyclic voltammetry for the two different electrodes, Fig. 3 , ensures that the majority of the phases are the expected ones and are controlling the electrochemical properties of the electrodes. It has been shown by in situ Mössbauer spectroscopy that initially the reduction takes place within the original structure and only at more negative potentials a phase transformation occurs [37] . The process is reversible and upon re-oxidation the original compounds are formed [37] . Figure 3 shows the redox properties of γ-FeOOH and α-FeOOH within a restricted potential range to avoid phase transformation and hydrogen evolution.
Cr 2 O 3 and Cr(OH) 3
Following the method described by Aguilar [26] , Cr 2 O 3 and Cr(OH) 3 form very different deposits observable with naked eyes. The first appear as a dark and rough layer and the second as a greyish smooth surface. After deposition, Cr 2 O 3 appears as a black layer, strongly attached to the surface, which allows experiments to be done with rotation of the electrode. If dried, the coverage is brittle and easily detaches from the Ti substrate. SEM imaging was used to characterize the morphology of the electrodeposited Cr 2 O 3 and Cr(OH) 3 materials, Fig. 4 . The surface composition was determined with EDX and is given in Table 1 . Cr 2 O 3 electrodeposition resulted in flake-like crystals, with sizes around 2 μm, Fig. 4 (left), while Cr(OH) 3 appears as an amorphous material on the surface, Fig. 4 (right). As can be seen in Table 1 , the ratio Cr:O was found to be about 2:3 and 1:3 for Cr 2 O 3 and Cr(OH) 3 , respectively. This is a good indication of the composition. Since the EDX analysis extends deep in the sample depending on the electron acceleration (kV), the amount of substrate detected can be used to compare the thickness of two different layers. Table 1 shows that the amount of Ti detected is much higher for the surface No clear X-ray diffraction patterns were obtained for the deposits, which is in line with previous findings [26, 38] .
Reduction of Hypochlorite
The electrochemical evaluations were performed in sodium sulphate electrolyte adjusted to pH 11. Sodium sulphate was chosen due to its inertness and to control all sources of chlorides, which will form hypochlorite at the anode if present. The pH in the sodium chlorate cells during operation is usually set to somewhere between 6.1 and 7. However, at the cathode and close to its surface, the solution is alkaline due to the formation of OH − from the hydrogen evolution reaction (HER). To ensure the alkalinity and simulate operating conditions during these short-term experiments with high convection from the rotating disc electrode, pH of the electrolyte was set to 11. For evaluation of the kinetics, linear sweeps with varying rotation rates were performed on the different materials. However, no rotation rate dependence was observed and the kinetic evaluation has therefore been made at constant rotation rate.
α-FeOOH and γ-FeOOH Figure 5 shows positive going polarization sweeps for hypochlorite reduction at different surfaces. The hypochlorite reduction takes place in parallel with surface reactions related to redox properties of the iron oxy-hydroxides, see Fig. 3 . For the mild steel electrode a mixed potential is obtained where the oxidation reaction is the dissolution of iron and the cathodic reaction is hypochlorite reduction. The data for Ti, α-and γ-FeOOH as substrates were fitted to an irreversible one electron transfer while for mild steel also an anodic electron transfer was included in the fitting. In the inset to Fig. 5 , the logarithm of the current is plotted as a function of potential for easy comparison of Tafel slopes and activity. The fittings are also shown in the inset and for all surfaces except pristine Ti the Tafel slopes are about 120 mV/decade for the reduction of hypochlorite. These results show that the first electron transfer is rate limiting with a transfer coefficient close to 0.5. Also for the titanium substrate, with a Tafel slope of 160 mV/decade, the first electron transfer is rate limiting but with a somewhat smaller transfer coefficient. In this potential region, the most active substrate is the newly polished mild steel followed by α-FeOOH, γ-FeOOH and titanium. The difference in activity between α-and γ-FeOOH is about one order of magnitude. Since the equilibrium potential for hypochlorite reduction is highly positive (1.07 V vs. Ag/AgCl, 70 mM hypochlorite and pH = 11), the standard rate constants obtained by the fitting are afflicted with large errors and it is therefore more useful to compare the current density at constant potential. The Tafel slopes, transfer coefficients and the current densities at −0.6 V vs. Ag/AgCl are given in Table 2 . 
Calculations
Adsorption of Chloride
The molecular orbital diagram of ClO − consists of bonding and anti-bonding orbitals with contributions from the 2p orbitals on O and 3p orbitals on Cl. The remaining molecular orbitals are mainly constituted by orbitals from either O or Cl and are considered non-bonding in the molecule. All bonding and non-bonding orbitals are filled with electrons. Thus, in the reduction of the hypochlorite anion, the first electron will go into the anti-bonding orbital and hence the bond between Cl and O will split. In the second electron transfer, chloride ions are formed. The sequential reactions can be written: assuming that the hypochlorite anion form hydrogen bonded complexes in solution. Hydrogen bonding between the ClO radical and water has been studied with DFT calculations and different hydrogen bonded complexes have been suggested [39, 40] . For the anion, it is likely that hydrogen on the water molecule will bind loosely to oxygen in hypochlorite and upon splitting of the Cl-O bond an adsorbed Cl atom is formed together with two hydroxide ions. This scenario was the starting point for the theoretical description of hypochlorite reduction on oxide surfaces. Reaction (3) was used as descriptor to investigate the adsorption of chloride on iron and chromium oxide,
where TM stands for transition metal, in this case Fe or Cr displacing Mg in the MgO y (OH) z test rig, Fig. 6 . Solvent effects are included indirectly through the Born-Haber cycle, Fig. 7 . The results are given in Table 3 for Fe(III) and Cr(III). The adsorption energy of chloride on Fe(III) and Cr(III) is very similar. Thus, the different behaviour of iron and chromium oxides towards hypochlorite reduction cannot be explained solely by differences in the relative adsorption energy for the chloride intermediate.
Mechanism of Hypochlorite Reduction
Considering the very similar relative binding energies of TMCl the full reduction cycle was studied. The assumed mechanism proceeds through three purely chemical steps comprising the adsorption of OCl, the splitting into TM = O and TM-Cl and the release of HCl. This is followed by the electrochemical recovery of the catalyst, see Fig. 8 . The first step is the replacement of a TM-OH group with HOCl under formation of a TM-OCl group and a water molecule (a). This is followed by breaking of the Cl-O bond and release of H 2 O from the adjacent TM-OH group, which results in the TM-Cl and TM = O intermediates (b). The reaction proceeds through a purely chemical step, assuming that the trans-standing OH group donates its hydrogen to the released water molecule. Accordingly, the oxidation state of the TM-Cl group is increased from +III to +IV. Having splitted the O-Cl bond, the catalytic sites need to be recovered. This is assumed to happen by dissolution of Cl − combined with the adsorption of OH However, considering the high positive potential of this reference reaction the two reduction steps can be expected to proceed without major problems at the potentials relevant for the hydrogen evolution reaction. Overall this reaction cycle is energetically feasible on both iron and chromium with negligible differences in energy. This is also the case for other possible reaction cycles involving Fe(III)/Fe(IV) and Cr(III)/ Cr(IV). Thus, according to the assumed mechanism, it is clearly demonstrated that the active site, whether Fe(III) or Cr(III), is not responsible for the dramatic differences in reduction kinetics found experimentally.
Discussions
In the history of the chlorate process, different explanations for the role of chromate have been suggested, such as buffering ability in solution, formation of a thin layer on the cathode that prevents hypochlorite reduction and as corrosion inhibitor for the mild steel cathodes [4, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The nature of the film formed by reduction of Cr(VI) is still not completely known, even though in situ characterization have suggested Cr(OH) 3 · xH 2 O on Pt [6] and both Cr(OH) 3 [6, 11] and Cr 2 O 3 [41] on gold. In the present work, we chose to study model systems such as Cr 2 O 3 and Cr(OH) 3 electrodeposited on titanium. Both films were shown to block hypochlorite reduction in alkaline solution, relevant for the surface environment during production. It appears that irrespective of the composition of the chromium film it is extremely efficient in blocking the hypochlorite reduction. Here, we will focus on hypochlorite reduction and discuss the results in the context of acid-base properties of the oxide surfaces and hypochlorite in solution, Fig. 6 Two dimensional test rig consisting of a MgO x (OH) z backbone with two adjacent Mg ions exchanged for other transition metal ions (TM). TM-Cl and TM-OH are explicitly shown in the figure electrocatalytic ability and electronic properties of the oxide films used as model substances. These aspects can help in discriminating between the prevailing explanations of the beneficial effects of chromate on the energy efficiency of the chlorate process.
Acid-Base Properties
In aqueous solution oxides have acid-base properties and the pH of zero charge (pzc) depends on the nature of the oxide and can be calculated from the formal charge of the metal and the covalence of the bonding [42] . Experimentally determined values for the pzc differ depending on electrolyte composition and method used to determine the surface equilibrium constants. Kosmulski has done comprehensive compilations of the pzc for different oxides [43] [44] [45] [46] and reports pzc = 8.6 ± 0.8 for synthetic goethite, 7.1 ± 0.7 for synthetic lepidocrocite [46] , 7.9 ± 1.2 for Cr(OH) 3 and 7.0 ± 1.6 for Cr 2 O 3 [47] . The general acid base reaction for a trivalent oxide can be written [48] :
The pK a of this reaction is also equal to pzc for the oxide. This means that at pH = 11 all surfaces are negatively charged. The pK a of hypochlorous acid is 7.53, which means that the hypochlorite anion is dominating at pH 11. The reduction of the negatively charged hypochlorite ion thus takes place at a negatively charged surface and will in part be hampered by transport of the anions to the surface and an adverse potential gradient [17] . It was early shown for chlorate cells that reduction of hypochlorite is controlled by diffusion to the electrode [8] . In order to investigate the kinetics of hypochlorite reduction, mass transport limitation was minimized by using a rotating disc electrode. No rotation speed dependence was however observed and the kinetic analyses were therefore made at constant rotation. In the present paper, it was clearly demonstrated experimentally that chromium oxide and hydroxide electrochemically deposited on titanium substrate completely block the reduction of hypochlorite ions, while on α-and γ-FeOOH the reduction readily occurs. The adverse potential gradient applies to all surfaces but may depend on the morphology of the layer. For a flat surface in high conducting electrolyte the effect is small but for porous surfaces it can be significant. However, the different activities for hypochlorite reduction described above, rule out the adverse potential gradient as the only explanation for the lack of hypochlorite reduction on the chromium films. It is interesting to note that the adverse potential gradient will apply also to the reduction of the divalent chromate ion and the concept has been used to explain the thickness of the in situ formed chromium layer [17] .
Electrocatalytic Properties
The rate limiting step in the reduction of hypochlorite on α-and γ-FeOOH as well as on mild steel and titanium seems to be the first electron transfer. This is based on the Tafel slope obtained by polarization measurement. Since the electron will go into an anti-bonding orbital the bond between Cl and O will break. The proximity of water molecules through hydrogen bonding may facilitate the formation of hydroxide ions in solution leaving the chloride adsorbed on the surface. The adsorption energy for chloride on Fe(III) and Cr(III) was found to be similar and show that both iron and chromium should support the reduction reaction, in contrast with the experimental results. This is an interesting finding since it clearly demonstrates that the electrocatalytic properties per se are not responsible for the different behaviour towards hypochlorite reduction on iron and chromium oxide.
Electronic Conduction
The electrode material also has a large impact on the performance of the Cr(III) hydroxide film. For example a steel Fig. 7 Born-Haber cycle for inclusion of solvent effects on the adsorption of chloride on transition metal oxides. The dissolution energies were taken from experiments [52, 53] cathode requires much higher chromate concentration in the electrolyte to reach a high current efficiency (1-5 g/l) while a titanium electrode only needs trace levels to reach the same current efficiency [9] . On mild steel, it is expected that chromium will be built into the corrosion layer and thereby loses its blocking ability. In relation to this, a highly interesting aspect that has not been properly explored is the role of conduction in the deposited layers and the influence on the reduction kinetics. Iron oxy hydroxides and oxides are known to have n-type conduction and can readily support reduction reactions. For chromium oxide, the situation is more complex. It has been reported that thin passive layers formed on chromium metal in acidic media show n-type conduction and reduction reactions such as hydrogen evolution can thus readily take place [49, 50] . However, deposited chromium oxide is known to have p-type conduction, i.e., reduction processes are suppressed. For mixed chromium and iron oxides, the conduction varies from p-type for chromium rich oxides to n-type for iron rich oxides [51] . For chromium rich oxides p-type properties are observed but with a change in the charge-carrier concentration and a shift in the flatband potentials to more positive values. As the iron content increases, an n-p transition takes place when the potential is made more positive [51] . As described above, it is expected that the surface film formed on steel cathodes in the chlorate process will be composed of a mixture of iron and chromium hydroxide. The semiconducting properties will change with the composition and the ability of promoting reduction of for example hypochlorite will increase with the iron content. This can possibly explain the need for using higher amounts of chromate addition for steel cathodes compared to non-corroding cathodes such as titanium or DSA.
Conclusions
The effect of substrate on the reduction of hypochlorite has been explored. The experimental results clearly demonstrated that:
& electrodeposited Cr 2 O 3 and Cr(OH) 3 films on titanium completely block hypochlorite reduction & electrodeposited α-and γ-FeOOH films have the ability to reduce hypochlorite. Compared with non-corroded mild steel the activity is lower in the order mild steel > α-FeOOH > γ-FeOOH
The theoretical calculations focused active site on the surface and the adsorption of chloride as an intermediate in the hypochlorite reduction reaction. The result showed no main differences in adsorption energy of chloride between iron (III) and chromium (III) in the oxide matrix. Also the stepwise energies involved in a reaction cycle where the active site is regenerated are very similar. These results clearly show that it is not the electrocatalytic activity that causes the dramatic difference in reduction behaviour found experimentally.
From the experimental and theoretical results obtained in the present paper and the general knowhow of the chlorate process it is suggested that a combination of the reduction of a negative ion, ClO − , and the semiconducting properties of the electrodeposited chromium oxide film explains the beneficial effect of chromate on energy efficiency in the chlorate process. As a consequence, at least these two aspects need to be considered in the search for replacement of chromate in the chlorate process. 
